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Available online 24 September 2016Understanding the swelling behaviour of coal matrix material exposed to water vapour is of direct relevance to
optimising (E)CBM recovery. However, accurate measurement of coal swelling due to water sorption presents a
substantial challenge, because while measurement accuracy increases with sample size, so does equilibration
time hence experiment duration. This paper reports dilatometry experiments conducted on 1 and 4 mm sized
cubic samples of Brzeszcze high volatile bituminous coal. Thesewere performed using a purpose-build, 3-dimen-
sional (3D) dilatometer, consisting of sensitive eddy-current gap sensors. The aim was to accurately and contin-
uously measure the volumetric response of coal matrix material during exposure to water vapour at relative
humidities varied in the range of 0.1 to 95%, at a temperature of 40 °C. Our results show that the swelling strains
attained at apparent equilibrium tend to be a factor of up to 1.45higher perpendicular to bedding than in the bed-
ding plane. In addition, the sample size strongly inﬂuences the swelling kinetics, but does not inﬂuence the equi-
librium swelling strains. Moreover, the volumetric swelling strains attained at equilibrium show a near-linear
dependence on relative humidity, reaching 1.37–1.43% at around 95% relative humidity. In an attempt to explain
the observed behaviour, threemodels for swelling of unconﬁned coalmatrixmaterial due towater sorptionwere
developed. These correspond to mono-layer adsorption, multiple-layer sorption, and combined mono plus mul-
tiple-layer sorption. The experimental data are equally well ﬁtted by all three models, so that themechanism re-
sponsible for swelling could not be uniquely identiﬁed. However, our ﬁndings do demonstrate that decreasing in-
situ water activity causes signiﬁcant anisotropic shrinkage of coal matrix material, pointing to injection and
recirculation of dry nitrogen as a promising strategy for stimulating coal seams for CBM production and as a
pre-treatment for later CO2 injection and storage.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Thermodynamics1. Introduction
Water present in coal seams is of profound importance in relation to
coalbed methane (CBM) production, enhanced coalbed methane
(ECBM) production and CO2 storage in coal seams (e.g. Busch and
Gensterblum, 2011). Water naturally present in coal must be pumped
out to initiate CBM production (e.g. Moore, 2012; White et al., 2005).
However, it is also frequently injected too, to stimulate reservoir perme-
ability by means of hydrofracture (Pan andWood, 2015; van Bergen et
al., 2006). Its effects are manifold. First, the presence of water in coal re-
duces gas diffusivity (Pan et al., 2010). It also reduces the sorption ca-
pacity of coal to gases, such as CH4 and CO2, as coal has a greater
afﬁnity for adsorbing water (Busch and Gensterblum, 2011; Day et al.,
2008b; Gensterblum et al., 2014; Gensterblum et al., 2013; Merkel et
al., 2015). More importantly, sorption of water vapour by coal matrix
material leads to several percent of swelling (Fry et al., 2009; Suuberg
et al., 1993; van Bergen et al., 2009), with dry coals expanding more. This is an open access article underwhen exposed to a gas/water-vapour mixture than to pure CO2 or CH4
(Day et al., 2011). On the other hand, moist coals swell less upon expo-
sure to CO2 or CH4 than dry coals (Day et al., 2011). These sorption-in-
duced swelling effects directly inﬂuence cleat/fracture apertures and
can therefore impact both coal seam permeability and gas productivity
(e.g. Liu et al., 2011; van Bergen et al., 2006, 2009; White et al., 2005).
The above all point to the presence of water in coal seams having a
largely negative impact on (E)CBM production and on CO2 storage in
coal seams. Conversely, removingwater from a coal seam can potential-
ly shrink the coal and increase the matrix permeability offering a stim-
ulation technique (Fry et al., 2009; Pan, 2012). Investigation of the
swelling/shrinkage behaviour of coal during exposure towater is there-
fore of key importance in designing and optimising ECBM production
strategies.
Numerous studies have demonstrated that water molecules are pri-
marily trapped by oxygen-bearing functional groups (mostly by carbox-
yl groups) present in the coal matrix, via hydrogen bonds (c.f. Allardice
and Evans, 1971; Busch and Gensterblum, 2011; Kaji et al., 1986; Mu
andMalhotra, 1991; Suárez et al., 1993; Yu et al., 2013). Thismechanism
usually traps a ﬁrst layer of adsorbed water molecules with relativelythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The thus-adsorbed water molecules then form secondary sites for at-
tachment of additional water molecules with lower binding energy,
thereby forming water clusters (c.f. Charrière and Behra, 2010; Lynch
and Webster, 1982; McCutcheon et al., 2003; Nishino, 2001; Švábová
et al., 2011). The total water adsorption capacity of coal is directly relat-
ed to water activity or relative humidity, and is well described by the
multilayer Dent model and the combined multi/single layer D'Arcy
and Watt model (Charrière and Behra, 2010; McCutcheon et al., 2003;
Švábová et al., 2011). Water sorption by coal is accordingly quite well
understood.
However, only a few studies have focused on the swelling/shrinkage
behaviour of coal in response to sorption/desorption of water. Suuberg
et al. (1993) reported a 30% (maximum) volumetric shrinkage of coal
upon drying, for various coal ranks ranging from bituminous to lignite.
They prepared 50–100 mg coal powder samples (grain size b600 μm)
from freshly collected coal, assuming them to have identical in-situ
moisture contents. The sampleswere deposited in 3mm inner diameter
by 5 mm long tubes and settled by means of centrifuging. The sample
assembly was then dried in a vacuum oven and the accompanying vol-
umetric shrinkage was determined by measuring the length change of
the samplewithin its tube. The precision of this methodwas ~2% (abso-
lute) at best. Themass loss upon dryingwas simultaneously determined
byweighing the samples, and showed a linear relation between shrink-
age and water loss. A similar linear relation between sample volume
change and water content of coals, ranging from sub-bituminous to bi-
tuminous, was also reported by Fry et al. (2009). These authors mea-
sured the swelling behaviour of coal blocks (3 × 1 × 1 cm3) during
exposure to water vapour at up to 97% RH (relative humidity), at
room temperature, using both screw micrometer and optical methods.
Large uncertainties in strain measurement were reported, as the
smallest displacements developed were beyond the resolution of the
screw micrometer. The results of more accurate (2–20%) optical
methodswere reported by (Day et al., 2008a). These showedmaximum
volumetric expansions of 0.5% for high rank coals exposed to 97% RH, in-
creasing to 5% for lower rank coals. Pan (2012) simultaneously mea-
sured the uptake of water vapour and the associated dimensional
changes of a single cylindrical sample (2.54 cm in diameter and
8.26 cm in length) of bituminous coal exposed to RH values up to
100% at room temperature, using gravimetric and screw micrometer
methods. Due to the large sample size, equilibration in his experiments
took around 53 days. The results showed that the sample expanded lin-
early with increasing sorbedwater content (weight) in the ﬁrst 42 days,
at which point the water content of coal sample was b5% and the RH
was ~97%. However, between days 42 and 53,when the samplewas ex-
posed to around 100% RH, the dimensions of the sample changed little,
though the weight of the sample continued to increase as liquid water
droplets formed.
Although the above authors successfully measured the rough volu-
metric response of coal samples towater adsorption, accuratemeasure-
ment of the true equilibrium swelling/shrinkage behaviour of coal
matrix material as a function of water vapour activity remains a major
challenge. This is because a) the poor accuracy of the screwmicrometer
gauge and optical methods used requires large samples, b) large sam-
ples need long times to approach equilibrium and may fail to do so,
and c) cleats present in large samples might result in reduced bulk
swelling strains due to “lost swelling” at free fracture walls (Hol et al.,
2014). Aside from the challenge of accurate measurements, more data
are needed, than presently available, to assess the effects of swelling
and shrinkage of coal due to water sorption and desorption under in-
situ (E)CBM conditions, and to assess the potential for coal shrinkage
and reservoir stimulation by drying.
In the present paper, we attempt to help ﬁll these gaps in data on the
volumetric response of coal to changing water activity. We report the
results of continuous, 3D eddy-current dilatometry experiments per-
formed on unconﬁned coal matrix cubes of high volatile bituminouscoal (Brzeszcze, Poland), having edge dimensions of 1 and 4 mm,. In
each experiment, the sample was equilibrated with water vapour at a
constant temperature of 40 °C, using controlled RH values ranging
from 0.1% to 95%. Our results show an anisotropic swelling response
of the samples tied to the coal bedding. They also demonstrate a strong
inﬂuence of sample size on swelling kinetics, but no inﬂuence on equi-
librium strains. Our data further reveal a near-linear relation between
swelling strain and relative humidity, hence water activity, which can
be accurately ﬁtted by both monolayer and multiple layer sorption-
swelling models. After describing and discussing these effects, we con-
sider the implications of our ﬁndings for ECBM production.2. Experimental methods
2.1. Approach
In this study,wemeasured changes in the dimensions of 1 and 4mm
cubic samples of high volatile bituminous coal matrix material during
exposure to water vapour at different relative humidities (RH). The ex-
periments were conducted at RH values of 0.1 to 95% at a ﬁxed temper-
ature of 40 °C, using a specially developed, three-dimensional (3D)
eddy-current dilatometer. This 3D dilatometer allowed us to measure
the swelling/shrinkage response of the samples in three orthogonal di-
rections, continuously and simultaneously, while RHwas systematically
varied. By correcting for effects of RH on the sensor system, equilibrium
swelling/shrinkage displacements of around±40nmcould be resolved.2.2. Starting material and sample preparation
The experiments were performed on coal matrix samples taken
from high volatile bituminous coal obtained from the Upper Silesian
Basin of Poland, Brzeszcze mine (seam 364). The Brezeszcze coal has a
vitrinite reﬂectance of 0.77±0.05%, and contains 74.1% carbon, 5.3%hy-
drogen, 1.4% nitrogen, 0.7% sulfur and 18.5% oxygen (Hol et al., 2011).
Speciﬁcally, the Brezeszcze coal contains 2.9% moisture content and
5.2% ash content. To speed upwater vapour equilibrationwith the sam-
ples, and to investigate any effects of sample size on swelling kinetics
and equilibrium swelling strain,we used two 1mmcoal cubes (Samples
P1 and P2) and one 4 mm coal cube (Sample P3) for the present study.
The samples were prepared from a ~10 cm block of the Brzeszcze
coal. Wafers with thickness of 1 mm and 4 mm were cut from this
block, in orientations parallel to bedding. The sample cubes were then
made by slicing the sheets parallel and normal to the butt cleat. This
was all done by the Glass Workshop at Utrecht University, using a
high-precision, digitally controlled, diamond wafering saw cooled by
water. Themany cubes thus preparedwere subsequently dried in a vac-
uum oven at a temperature of 40 °C for several days to remove residual
water and gas. After inspecting tens of cubes using an optical micro-
scope, we chose two 1 mm cubes and one 4 mm cube, which were
cleat-free and damage-free, for the present experiments. For each of
the chosen samples, we deﬁned the direction perpendicular to bedding
plane as the z reference axis,with the x and y directions lying in the bed-
ding plane in orientations perpendicular and parallel to the butt cleat
(Fig. 1). It is assumed that x, y, and z correspond to the principal axes
of sample anisotropy and therefore of swelling strain, though this can-
not be guaranteed.
Immediately prior to mounting in the 3-D dilatometer, the dimen-
sions of the 1mm cubes weremeasured using a Leica DMRX optical mi-
croscopewith image analysis (QWINPro) system,while the dimensions
of the 4 mm cube were measured using a digital calliper (resolution
0.01mm). Themass of each samplewasmeasured using aMETTLER TO-
LEDO MS205DU Semi-Micro Analytical Balance (resolution 0.01 mg).
We took the average values of several measurements to determine the
dimensions and mass of each sample (see Table 1).
Fig. 1. a) Schematic diagram illustrating the coal matrix sample geometry used in this study. Note the xyz reference frame corresponding to the 3-D dilatometer measurement axes. The x
and y axes lie in the bedding plane (perpendicular and parallel to the butt cleat), while zwas deﬁned as the direction perpendicular to bedding. b) Photograph of the 1 mm and 4 mm
samples.
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The experimental setup is shown in Fig. 2. It consists of the 3-D dila-
tometer (see Fig. 3) mounted in a sealed glass chamber, which is itself
connected to an air circulation system controlled atﬁxed RH using a sat-
urated salt solution buffer. The entire system is enclosed in a tempera-
ture controlled box.
The 3D dilatometer (Fig. 3) is composed of three independent Lion
Precision type ECL202 U3B eddy current sensors (A, B, and C) mounted
orthogonally in a stainless steel, multiblock frame, housing a sample
stage at its centre. The sample stage contains a corner-shaped recess
that supports the cubic sample on three faces in a ﬁxed position, with
the x, y and z sample axes aligned opposite to and coaxially with the
three sensor tips (see Fig. 3). Expansion or contraction of the sample
in the x, y and z directions is transmitted to three Aluminum eddy cur-
rent targets via three, orthogonally mounted, spring cross-cantilevers
that retain the sample in position. Displacement of each target, as the
sample expands or contracts in the x, y or z direction, alters the eddy
current ﬁeld in the target and allows sample expansion and contraction
to be measured. The full scale range of each eddy current sensor is
250 μm and the measurement resolution at ﬁxed RH is better than
±12.5 nm.
The relative humidity employed during the experiments ranged
from 0.1% to 95%. As indicated above, RH was controlled using a set of
carefully selected salt solution buffers. The RH buffer system consisted
of a sealed ﬂask containing excess salt plus saturated solution, support-
ed on a glass-ﬁberwool bed to ensure solid-liquid-vapour equilibration.
The ﬂask was connected to the sample chamber via a closed loop tube
system incorporating a low pressure KNF gas (air) pump, used to circu-
late air through theﬂask and the glass chamber. This allowed the system
to reach constant “set point” relative humidity values within 2–3 h of
activation. Relative humidity within the system was measured using
two SENSIRION SHT75 digital humidity sensors (accuracy ±1.8%),
mounted in the inlet and outlet ports of the glass chamber containing
the dilatometer. These gave consistent relative humidity values within
2% at worst. Salts used to control RH included CuSO4 powders (RH =
12%), KC2H3O2 (RH= 23%), MgCl2·6H2O (RH=32%), Mg(NO3)2·6H2OTable 1
Starting dimensions and mass of the Brzeszcze 364 coal matrix cubes used as samples in this s
directions, as used in all strain calculations.
Sample Initial sample mass (g) Initial sample length Lx (μm)
P1 0.00125 941.06
P2 0.00132 1022.51
P3 0.0848 4070(RH=49%), NaCl (RH=75%), KCl (85%), K2SO4 (RH=95%). To achieve
the lowest RH value of 0.1%, phosphorus pentoxide (P2O5) powder was
used to dry the whole buffer setup. The quality of RH control during a
typical experimental run is illustrated in Fig. A1 of the Appendix A.
To maintain constant temperature of the whole setup, a ~0.42 m3
foam-polystyrene box was constructed around it. The temperature of
the air and all components inside the box, including the sample, was
controlled at 39.8 °C (±0.1 °C) by means of a digital CAL 9900 PID-con-
troller, coupled to a 500Whalogen construction lamp. Two electric fans
were used to homogenize the temperature inside the box. The temper-
ature of the sample was measured using a PT 100 element mounted on
the sample stage of the dilatometer, inside the glass chamber. The con-
trolled temperature of the whole system was measured using a PT 100
sensor located in the foam box. The quality of sample temperature con-
trol during a typical experimental run is illustrated in Fig. A2 of the
Appendix A.
2.4. Dilatometer calibration and corrections
The change in each eddy current sensor signal (i.e. output voltage)
with displacement of the sample target was calibrated using a specially
constructed calibration jig driven by a digital micrometer screw gauge
(resolution 0.1 μm). This allowed controlled translation of each target
relative to the corresponding sensor tip. Calibrations were carried out
at room temperature (25 °C) and room humidity (RH≈ 50%), noting
that the inﬂuence of temperature on sensitivity is known, from
manufacturer's data, to beminor in the range 20–40 °C under these con-
ditions. In each calibration run, the target wasmoved stepwise towards
the sensor tip by rotation of the screw gauge, and the sensor outputwas
recorded after signal stabilization. All three sensors were characterized
by a closely linear relationship between voltage change and displace-
ment over a displacement range of 250 μm, corresponding to a sensitiv-
ity of 38.8 mV/μm (R2 = 0.999) for sensor A, 37.4 mV/μm (R2 = 0.999)
for sensor B, and 39.3 mV/μm (R2 = 0.999) for sensor C. This full scale
range is equivalent to a linear strain of ~25% for a 1 mm sample and
~5.1% for a 4mmsample,with 2–3% being themaximumstrains expect-
ed from previous data (Fry et al., 2009; van Bergen et al., 2009). Ourtudy. The lengths Li (where i= x, y, z) represent the starting dimensions in the x, y and z
Initial sample length Ly (μm) Initial sample length Lz (μm)
1058.54 973.64
951.61 998.5
4020 4080
Fig. 2. Schematic diagram of the full experimental setup. The 3-D eddy current dilatometer plus sample are housed in a glass chamber. This is connected to an air ﬂushing system
incorporating a ﬂask containing a saturated salt solution buffer for RH control. A KNF pump is used to circulate the air through the RH control system. The whole system is contained
in a heated foam-polystyrene box, maintained at a controlled temperature of nominally 40 °C (speciﬁcally 39.8 ± 0.1 °C). The sample temperature and RH were measured using PT100
and digital humidity sensors, respectively.
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suring sensor-target distance changes to be better than ±13 nm at
room conditions.
Dummy experiments performed using 1 and 4 mm stainless steel
and 1 mm quarts glass calibration cubes, instead of coal samples,
showed that the eddy current sensor signalswere systematically and re-
producibly affected by changes in RH, presumably due to effects of
water sorption on the sensor or changes in air permittivity. To calibrate
this effect for all three sensors, control experiments were performed
using the three dummy samples, closely replicating the experimental
procedure employed in each experiment performed on coal (see details
in Appendix A). This allowed correction for both transient and equilibri-
um effects of changes in RH on sensor signals. Equilibrium effects were
corrected for using accurately ﬁtted hyperbolic functions describing
equilibrium sensor signal expressed in terms of apparent displacement
(μm) versus RH. These corrections were accurate to within ±0.04 μm.
Transient effects were more crudely corrected for using a linear
rescaling factor (based on the ratio of corrected to raw equilibrium sig-
nals) to remove the measured effect of RH on the sensors from the ap-
parent displacement versus time data obtained for the coal samples.
Comparison of the corrections appliedwith the apparent displacements
measured using the dummy samples, showed that the corrections for
transient effects of RH changes on sensor output were accurate within
±0.15 μm.
The dummy experiments conﬁrmed that the eddy current sensor
signals were only slightly affected by changes in temperature betweenFig. 3. The 3D dilatometer developed for this study. a) Semi-schematic diagram showing a 2D s
sample is transmitted to three orthogonally positioned Aluminum targets via three spring cro
using three corresponding eddy current sensors. Measurement resolution at constant RH is b
plus 1 mm sample. Note the ceramic sensor tips.20 and 40 °C. Moreover, these changes were reversible. As temperature
in the present experimentswas controlledwithin±0.1 °C, the inﬂuence
of temperature on the sensor signals could therefore be safely neglected.
2.5. Testing procedure
Four experiments were performed in total (see Table 2):
Experiment 1 (Exp1) was performed on Sample P1 and consisted of
two successive RH cycling runs. Experiment 2 (Exp2) was also per-
formed on Sample P1 but after its removed and return to the apparatus.
Exp2 consisted of three successive RH cycling runs. Experiment 3
(Exp3) was performed on Sample P2 and involved two RH cycling
runs. Experiment 4 (Exp4) was performed on Sample P3 and employed
a single RH cycling run.
Note here that each RH cycling run performed consisted of a com-
plete relative humidity cyclemade up of 5–7 incremental steps followed
by 1–4 decremental steps. All RH runs were initiated and concluded by
imposing dry reference conditions upon the sample, using P2O5 to
maintain an RH of 0.1% in the RH control system. Changes in relative hu-
midity were achieved by manually switching the salt buffer ﬂask. This
was done within 2–3 min, during which time a disturbance in temper-
ature of typically ~0.4 °C occurred. After each change in RH, the three
eddy current sensor signals showed a transient evolution response to-
wards an apparent equilibrium state. This was assumed to be reached
when no change in signals occurred within 3–4 h. Once apparent equi-
libriumwas reached after each RH step,we proceeded to implement theection through the sample and sample stage. Expansion or contraction of the cube-shaped
ss-cantilevers that retain the sample in position. Displacement of the targets is measured
etter than ±13 nm. b) Photograph of the 3D dilatometer with close-up of sample-stage
Table 2
Summary of experiments performed. The term “run” refers to a complete relative humid-
ity cycle containing 5–7 incremental steps in RH followed by 1–4 decremental steps in RH.
Experiment Sample Nominal sample size Number of runs
Exp1 P1 1 mm 2
Exp2 P1 1 mm 3
Exp3 P2 1 mm 2
Exp4 P3 4 mm 1
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took ~80 h, whereas re-equilibration of the system temperature to
39.8 ± 0.1 °C took only ~1 h.
2.6. Data acquisition and processing
2.6.1. General aspects
The sample temperature and three eddy current sensors signals
were logged using a National Instruments, 16-channel DAOPad-6015
A/D convertor and VI-logger data acquisition system, at a sampling
rate of 0.2HZ. Relative humidity signals were digitally logged using an
independent (EKH4views) system at a sampling rate of 0.1HZ, taking
the average value of the relative humidity measured by the two sensors
as the relative humidity during each RH step performed. Swelling dis-
placement and strain values obtained from the eddy current sensor sig-
nals were measured as positive. We use the term “uncorrected
swelling” for apparent sample strains calculated directly from the
eddy current sensor signals without accounting for the effects of RH
on the sensor signals. “Corrected swelling” is used to refer to the true
swelling of the coal samples as calculated by applying the RH correction.
2.6.2. Processing to obtain uncorrected swelling strain versus time
The uncorrected swelling strain of our coal samples was calculated
as a function of time using the expression euci ðtÞ ¼ ½ViðtÞ−Vi0 SiLi0  10
5. Here
ei
uc(t) represents uncorrected sample strain in direction i (i = x, y, z)
at time t. The quantity Vi(t) (in V) represents the sensor output signal
for direction i at time t, while Vi0 (in V) represents the signal at t = 0,
i.e. at the initial reference condition when the sample was equilibrated
at 0.1% relative humidity. In addition Si (mV/μm) represents the sensor
sensitivity in direction i, and Li0 (μm) is the initial dimension of the sam-
ple in this direction (before assembly).
2.6.3. Obtaining the corrected or true swelling strain at equilibrium
The time-averaged value of each sensor signal, Vi(t) as obtained over
the ﬁnal 2 h of the jth RH step of each run, was taken as themean output
voltage ðViÞ j corresponding to equilibrium at RH level j. The corrected
swelling strain (eieq)j expressed in % for direction i at equilibrium was
computed using the expression ðeeqi Þ j ¼
½ðViÞ j−Vi0 1000=Si−ðCiÞ j
Li0
 100 .
Here (Ci)j represents the correction for the effect of RH on sensor for di-
rection i at equilibrium in RH step j. As the true swelling strains (eieq)j are
expected to be small, the true or corrected volumetric strain of the sam-
ple at equilibrium at RH level j is given ðeeqv Þ j ¼∑
3
i¼1
ðeeqi Þ j. Taking the ac-
curacy of the corrected displacement signals in the x, y and z directions
at equilibrium (±0.04 μm) as a measure of uncertainty, the uncertainty
of corrected volumetric strain for the 1mm sampleswaswithin±0.08%
(absolute), while for the 4mmsample it waswithin±0.02% (absolute).
2.6.4. Obtaining corrected swelling strain versus time
The uncorrected eiuc vs. t data obtained for our coal samples could not
always be accurately corrected for RH-related effects on the sensor sig-
nals, because the duration of RH steps employed in our calibration tests
did not always match those used in the coal runs (see details in
Appendix A.3). However, the sensor signal versus time curves obtainedin the calibration tests were similar in form to the uncorrected swelling/
shrinkage of coal samples versus time (see Appendix A.3). As indicated
in Section 2.4, this enabled us to crudely correct the uncorrected orthog-
onal swelling strains eiuc(t) for RH-related sensor effects, using the ex-
pression eci ðtÞ ¼ euci ðtÞ
ðeeqi Þ j
ðeeqi Þ
uc
j
, where eic(t) represents the corrected
swelling strain in direction i, and (eieq)juc represents the corresponding
uncorrected swelling strain attained at equilibrium in RH step j. Once
again, comparison of the corrections applied with the apparent dis-
placements measured using the dummy samples, showed that the rela-
tive errors in true displacement obtained using this method were b10%
(up to ±0.15 μm absolute). The largest relative errors occurred at the
start of a given RH step, and decreased with time approaching to zero
at equilibrium. The thus-corrected swelling data are therefore adequate
for comparing swelling development with time from sample to sample,
and for comparing swelling kinetics qualitatively.
3. Results
Representative data showing corrected swelling strain development
in the x, y and z directions, i.e. showing eic(t) versus time, for individual
RH cycling runs are presented in Fig. 4. The full set of (near or apparent)
equilibrium swelling strains eieq and corresponding volumetric strain eveq,
obtained for each experiment/run and each RH step (j) within each run,
are presented in Table 3. Note that all swelling versus time curves pre-
sented here are plotted taking the strain and time at the onset of each
experimental run as the origin.
3.1. Swelling strain development with time
With reference to Fig. 4, all experiments and all runs showed broadly
similar swelling behaviour of the coal samples during exposure towater
vapour. The samples expanded or shrank slowly with time, in the x, y
and z directions, after each RH increment or decrement, gradually ap-
proaching an asymptotic swelling strain value in each direction. The
magnitude of the (apparent) equilibrium strain systematically in-
creased with increasing RH, and decreased with decreasing RH, in re-
spectively the upward and downward stages of each RH cycling run.
The equilibrium swelling strains eieq attained at speciﬁc RH values
were also similar in all experiments and runs, though the strains in
the z direction were usually the highest, demonstrating signiﬁcant
swelling anisotropy especially at RH values above 12–48%. Changes in
equilibrium strain per RH stepwere almost always largest in the z direc-
tion, with those in the x and y directions being up to 25% lower, though
the 4 mm sample (Fig. 4d) was more isotropic in its behaviour than the
1 mm samples (Fig. 4a–c). The maximum total axial swelling strain oc-
curred at relative humidities of 92.2–95.6% in all runs, reaching values of
0.51–0.55% normal to bedding plane (z direction) and0.4–0.48%parallel
to bedding plane (x and y directions).
Overall, the swelling strains developed during RH cycling were
closely recoverable (Fig. 4). However, different levels of hysteresis
were observed between experiments. Apparent equilibration was also
faster for adsorption than for desorption, following similar changes in
RH. In addition, equilibration times clearly depended on sample size.
For example, the total time elapsed per run in Exp1-SampleP1-Run2
and Exp2_SampleP1_Run1 (1 mm, 7 RH steps) was 490–520 h, com-
pared with a run duration for Exp4_SampleP3_Run1 (4 mm, 7 RH
steps) of approximately 2700 h (Fig. 4b–d). Focusing on individual RH
steps, in the experiments on the 1 mm samples, the time taken to ap-
proach apparent equilibrium after each RH increment lay in the range
30–150 h, depending on the magnitude of the RH change, and was
about the same per RH step in all runs. By contrast, the times taken to
reach apparent equilibriumper RH step in the run performed on Sample
P3 (4 mm, in Exp4_SampleP3) fell in the range 100–1250 h. In particu-
lar, when the relative humidity decreased from about 49% to 0.1%, ap-
parent equilibration for Sample P1 (1 mm) took 95–120 h, while that
Fig. 4. a) to d). Representative curves showing corrected swelling strain eic(%) versus time data as obtained in the present experiments.
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longer for the 4 mm than the 1 mm samples.
3.2. Equilibrium swelling strain versus relative humidity
As described above and visible from Table 3, the corrected swelling
strains eieq (i = x, y, z) attained at (apparent) equilibrium in allexperiments were similar, for similar values of imposed relative humid-
ity.Moreover, the equilibrium strains eieq showed a systematic direct de-
pendence on RH, increasing with increasing RH and decreasing with
decreasing RH (Fig. 4; Table 3). This dependence is illustrated for
Exp1_SampleP1, Exp2_SampleP1 and Exp4_SampleP3 in Fig. 5. The
data show a near-linear relation for each run, with similar sensitivities
of strain to RH being obtained in all cases (around 5.4 × 10−3% strain
Table 3
The full set of (near/apparent) equilibrium swelling strain (eieq) data and corresponding volumetric strain (eveq) data obtained for each experiment/run and each RH step within each run.
Sample/exp. Run 1 Run 2 (where performed) Run 3 (where performed)
RH (%) ez (%) ey (%) ex (%) ev (%) RH (%) ez (%) ey (%) ex (%) ev (%) RH (%) ez (%) ey (%) ex (%) ev (%)
P1/Exp1 0.1 0.000 0.000 0.000 0.000 0.1 0.000 0.000 0.000 0.000
10.8 0.073 0.078 0.081 0.232 11.7 0.083 0.077 0.077 0.237
32.5 0.174 0.166 0.185 0.525 32.5 0.189 0.165 0.165 0.519
49.3 0.219 0.212 0.241 0.672 49.3 0.293 0.254 0.255 0.802
75.3 0.304 0.271 0.324 0.898 74.6 0.411 0.328 0.345 1.084
95.6 0.473 0.379 0.440 1.292 94.9 0.542 0.414 0.434 1.390
12.9 0.035 0.076 0.119 0.229 49.3 0.295 0.241 0.264 0.800
0.1 −0.079 −0.021 0.015 −0.085 0.1 −0.004 0.001 0.011 0.008
P1/Exp2 0.1 0.000 0.000 0.000 0.000 0.1 0.000 0.000 0.000 0.000 0.1 0.000 0.000 0.000 0.000
11.0 0.080 0.075 0.084 0.239 10.0 0.066 0.059 0.063 0.188 13.3 0.081 0.075 0.075 0.232
31.5 0.196 0.180 0.206 0.582 31.0 0.202 0.176 0.203 0.580 31.3 0.188 0.165 0.178 0.531
47.2 0.276 0.243 0.289 0.808 48.1 0.285 0.242 0.286 0.813 47.6 0.269 0.222 0.238 0.729
73.1 0.389 0.328 0.373 1.090 71.9 0.390 0.312 0.360 1.063 72.3 0.385 0.315 0.333 1.034
92.3 0.512 0.408 0.476 1.395 92.6 0.548 0.403 0.465 1.415 92.2 0.523 0.412 0.456 1.391
48.0 0.262 0.256 0.284 0.801 49.5 0.279 0.244 0.253 0.776 49.0 0.278 0.261 0.279 0.818
0.1 −0.014 0.023 0.033 0.042 11.7 0.055 0.071 0.071 0.196 0.1 −0.036 −0.003 −0.020 −0.059
0.1 −0.043 −0.013 −0.016 −0.072
P2/Exp3 0.1 0.000 0.000 0.000 0.000 0.1 0.000 0.000 0.000 0.000
11.3 0.062 0.054 0.056 0.172 12.9 0.113 0.074 0.106 0.292
23.2 0.136 0.105 0.127 0.368 33.4 0.203 0.149 0.217 0.568
33.4 0.191 0.149 0.178 0.519 48.2 0.282 0.185 0.282 0.749
50.5 0.282 0.207 0.256 0.745 76.6 0.446 0.274 0.416 1.136
76.1 0.434 0.276 0.376 1.085 95.8 0.579 0.322 0.501 1.403
83.2 0.489 0.307 0.405 1.200 49.6 0.324 0.215 0.332 0.872
95.7 0.591 0.352 0.471 1.415 0.1 0.015 0.018 0.043 0.077
83.0 0.518 0.324 0.409 1.252
49.1 0.343 0.233 0.269 0.844
33.5 0.267 0.202 0.217 0.686
23.9 0.187 0.141 0.135 0.463
12.9 0.126 0.097 0.085 0.308
0.1 −0.011 −0.001 −0.052 −0.065
P3/Exp4 0.1 0.000 0.000 0.000 0.000
12.0 0.031 0.031 0.035 0.097
32.5 0.139 0.143 0.151 0.433
48.4 0.213 0.213 0.223 0.648
75.3 0.349 0.332 0.345 1.026
95.6 0.516 0.459 0.460 1.435
48.7 0.301 0.293 0.310 0.903
0.1 −0.001 −0.022 −0.016 −0.039
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Fig. 5.Representative data showing the swelling strains eieq (%) attained at (apparent) equilibrium, in the x, y and zdirections of our coal samples, as a function of relative humidity (%). “Up”
refers to upward RH stepping (RH increments), while “down” refers to downward RH stepping (RH decrements).
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tions of x and y). In detail, Exp1_Run1 (Fig. 5a) showed a slightly lower
sensitivity of equilibrium swelling strains ezeq to RH (4.6 × 10−3% strain
per % RH) compared with the other experiments.
Minor hysteresis was observed in the equilibrium strain vs. RH data
obtained in upward vs. downward RH steps for Exp1_SampleP1_Run1
(Fig. 5a). However, this disappeared in Run2 on the same sample
(Fig. 5b). Exp2_SampeP1_Run1 (Fig. 5c) also showed closely
reversible behaviour in upward vs. downward RH steps. By contrast,
Exp4_SampleP3_Run1 (see Fig. 5d) showed clear hysteresis. In this
case, the equilibrium swelling strains obtained in all three directions
at 49% RH were 30% higher in the downward RH steps than in the up-
ward steps, though the sample ﬁnally shrank back to or even slightly be-
yond its initial dimensions when the relative humidity was returned to
0.1%.
Interestingly, in Exp4 (Sample P3, 4 mm), the equilibrium swelling
strains attained at 12% relative humidity were ez = 0.031%, ey =
0.031% and ex = 0.035%, which are all about one third of the values
attained in Exp1 and Exp2 for the 1 mm sample P1 at 12% relative hu-
midity. At the same time, we note that the time allowed for equilibra-
tion at 12% relative humidity in Exp4 was much shorter than allowed
for the other RH values used in Exp4 (see Fig. 4d), suggesting that equi-
librium was not yet attained at 12% relative humidity in Exp4.
3.3. Equilibrium volumetric swelling strain versus relative humidity
The true volumetric swelling strains (eveq) obtained at apparent equi-
librium, for all samples and all experimental runs are plotted in Fig. 6 as
a function of relative humidity. All runs showed similar volumetric
swelling strains (eveq) at a given RH, except for Exp1_SampleP1_R1
which showed slightly lower swelling strain and about 0.1% of excess
shrinkage at the end of the run. The volumetric swelling strain exhibitedby all samples in all runs is seen to be nearly linearly proportional to rel-
ative humidity, reaching values of 1.37–1.43% at around95% relative hu-
midity (see Fig. 6e). The sensitivity/slop of eveq vs. RH data yielded
0.0141–0.0149 (R2 = 0.99). Additionally, all experiments illustrate
that the swelling/shrinkage deformation of our samples upon adsorp-
tion/desorption of water vapour is recoverable, though with different
amounts of (minor) hysteresis. Exp4_SampleP3_R1 showed the most
hysteresis, while Exp1 and Exp2 performed on sample P1 showed near-
ly fully reversible volumetric swelling.
3.4. Optical observations on samples before and after testing
Before and after each experiment, the samples tested (P1, P2, P3)
were examined in reﬂected light using a Leica DMRX optical
microscope. At the objective magniﬁcation (10×) and scale of optical
resolution used (~5 μm), no changes in sample appearance and no evi-
dence of damage were observed after the experiments. Representative
micrographs of Sample P1 taken before and after Exp2 are presented
in Fig. 7.
4. Discussion
We have measured the 3-D strain response of 1 and 4 mm, cleat-
free, coal matrix cubes to changes in RH, hence water vapour activity,
under unconﬁned conditions at 40 °C and at one atmosphere total pres-
sure. Our experimental results show a) anisotropic swelling/shrinkage
behaviour with the largest strains occurring mainly normal to bedding,
b) recoverability of swelling strain but with hysteresis and minor per-
manent strain in some cases (e.g. Exp3_SampleP2_R2), c) a strong effect
of sample size on equilibration time, but no effect on swelling strain
attained at apparent equilibration, and d) a near-linear relation be-
tween (apparent) equilibrium swelling strains and relative humidity.
Fig. 6. True volumetric swelling strain eveq (%) attained at (apparent) equilibrium for all samples, plotted as a function of relative humidity (%). a)–d) indicate Exp1–4 respectively, while e)
shows all data combined for upward stepping RH. The RH down-stepping data are relative few and for this reason are not plotted separately here.
Fig. 7.Optical micrographs of Sample P1 taken before and after Exp2. Note that other than the difference in illumination conditions, the surface structure of the sample is unchanged after
Exp2 compared with beforehand. No evidence of microcracking or other damage was found at the scale of observation used.
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128 J. Liu et al. / International Journal of Coal Geology 167 (2016) 119–135In the following, we discuss themechanisms responsible for the ob-
served anisotropy and hysteresis, and we attempt to explain the effects
of sample size and relative humidity on swelling kinetics and equilibri-
um swelling strain. We also compare the swelling response of coal ex-
posed to water vapour with the swelling caused by adsorption of
other gases, such as CH4, CO2. In an attempt to gain insight into the sin-
gle versus multilayer mechanism of water adsorption and the associat-
ed swelling response, we go on to compare our results on equilibrium
swelling strain versus RH with presently available sorption/swelling
models. Finally, we consider the possible implications of our ﬁndings
for (E)CBM production.
4.1. Anisotropic swelling and hysteresis
4.1.1. Cause of anisotropic swelling behaviour
The results shown in Figs. 4 and 5 demonstrate that the swelling
strains measured perpendicular to the bedding plane of our coal sam-
ples (i.e. in the z direction) tended to be larger than that parallel to bed-
ding (in the x and y directions - refer Fig. 1), especially in the 1 mm
samples and at RH values above 12–32%. The magnitude of this anisot-
ropy, deﬁned (followingDay et al., 2010; Fry et al., 2009; Hol and Spiers,
2012; Pan and Connell, 2011) as the ratio of (apparent) equilibrium
swelling strain in the z direction (ezeq) to the average value in the bed-
ding plane, i.e. the average of exeq and eyeq, is plotted versus relative hu-
midity for all experimental runs in Fig. 8. During upward stepping of
RH, the swelling anisotropy ratio for all experimental runs generally in-
creased with increasing RH from 0.90 to 1.25 (mean 1.08), at 12% RH, to
1.10 to 1.45 (mean 1.24) at ~95% relative humidity. Taking into account
swelling anisotropy ratios for all RH steps during upward stepping RH,
we obtained an overall average anisotropy ratio of 1.13. A similar aver-
age trend was also observed during downward stepping RH but with
clear differences due to effects of swelling hysteresis and departures
from recoverability. Within these trends, our results (Fig. 8) show con-
siderable variability not only amongst the samples, but also for individ-
ual samples depending on exposure history, i.e. from run to run on the
same sample. In particular, the anisotropy ratios for the 4 mm sample
(Exp4_SampleP3), and for the ﬁrst run on 1 mm Sample P1, are consis-
tently lower than for the other runs performed on 1 mm samples. Be-
sides the anisotropic swelling described above, differences are
observed between the strains ex and ey measured in the bedding plane
(see Table 3). These differencesmight indicate that anisotropic swelling
also occurred in bedding plane, so that ex and ey do not represent the
principal strains.
Similar, anisotropic swelling behaviour of coal due to adsorption of
water vapour was reported by Fry et al. (2009). These authors foundFig. 8. Swelling anisotropy ratioeeqz =ðe
eq
x þeeqy
2 Þversus RH data plotted for thepresent coal sample. N
strain of the coal matrix samples parallel to bedding is taken as the average of exeq and eyeq. a) Dat
RH.similar maximum volumetric swelling strain magnitudes (1.32–1.74%
at 97% RH) to ours for high volatile bituminous coal, and similar anisot-
ropy ratios (on average around 1.2) to ours for coals ranking from sub-
bituminous to bituminous and for all relative humidity steps employed
in their experiments. However, the anisotropy ratios were found to vary
remarkably amongst the samples. Fry et al. argued that, besides mea-
surement errors, the observed variability might be related to the inho-
mogeneity of the samples, with different macerals responding
differently tomoisture sorption. However, they did not propose any ex-
planation for the cause of the swelling anisotropy. Here, we propose
that the swelling anisotropy of coal matrix material is caused either by
a) anisotropic elastic properties due to the layered structure of coal ma-
trix material, or b) anisotropic/layered sorption. These hypotheses are
tested in the following, by comparison of our data with literature ﬁnd-
ings for adsorption of gases, such as CO2 and CH4.
Swelling anisotropy effects in coal, due to adsorption of gases, such
as CO2, CH4 and N2, have been widely reported by other workers (e.g.
Day et al., 2010; Hol and Spiers, 2012; Pan and Connell, 2011). Pan
and Connell (2011) proposed that swelling anisotropy is caused by an-
isotropy in the coal's elastic properties which is in turn determined by
its layered/bedded matrix structure. Their argument was supported by
good agreement between a model that assumes an anisotropic, linear
elastic swelling response to isotropic internal stressing, caused by iso-
tropic sorption, with swelling data for an unconﬁned Australian bitumi-
nous coal. Pan and Connell's explanation is also supported by a similar
model developed by Espinoza et al. (2013), which successfully ex-
plained the experimental data reported by Hol and Spiers (2012) on an-
isotropic swelling of unconﬁned high volatile bituminous coal matrix
samples exposed to CO2 (Brzeszcze coal cylinders 4 mm in diameter,
by 4 mm in length).
However, the anisotropic elastic swelling models proposed by Pan
and Connell (2011) and by Espinoza et al. (2013) cannot explain all of
our ﬁndings, notably that swelling anisotropy is related to relative hu-
midity and exposure history (Fig. 8). This is because elastically con-
trolled swelling anisotropy (linear elastic constants) should be
independent of relative humidity value and of exposure history. Our ex-
periments showed considerable effects, and considerable variability in
effects, of RH and exposure history on swelling anisotropy. Therefore
while part of the anisotropic swelling/shrinkage behaviour seen in our
samples is likely due to linear elastic anisotropy of the samples, other
factorsmust play a role too. Possibilities include a) an anisotropic distri-
bution of micro-fractures present in the coal matrix, imparting aniso-
tropic, non-linear elastic swelling behaviour or anisotropic water
vapour access (Hol et al., 2014), b) a preferred orientation distribution
(layering) of adsorption sites (i.e. oxygen functional groups) (Pan andote that ezeq is the swelling strainmeasured perpendicular to bedding,whereas the swelling
a obtained during upward stepping of RH. b) Data obtained during downward stepping of
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molecular clusters in layers parallel to bedding. To distinguish between
the above possible explanations, further studies are needed.
4.1.2. Recoverability of swelling strain
The swelling/shrinkage versus RH data presented in Figs. 5 and 6
show closely recoverable behaviour (i.e. recovery of starting sample di-
mensions) after almost all experimental runs. An exception is
Exp_SampleP1_R1, which showed excess shrinkage after RH cycling.
Inmost cases, though, no permanent expansion or contraction occurred
during adsorption-desorption. Similar recoverable swelling of coal upon
water vapour sorption was also reported by Fry et al. (2009). This be-
haviour is consistent with swelling being caused by reversible adsorp-
tion of water (see also Pan, 2012). On this basis, we infer that
permanent coal softening or plasticisation effects (c.f. Immergut and
Mark, 1965) play little or no role in determining the swelling behaviour
of coal during exposure towater vapour (as inferred for CO2 sorption by
Hol et al., 2012b). In Exp1_SampleP1_R1 (Fig. 5a), the 0.08% excess
shrinkage observed in the z direction after RH cycling might result
from residual moisture trapped in the sample prior to performing the
experiments (Hol et al., 2012b), despite the fact that the sample was
dried for oneweek under vacuumandwas then exposed to 0.1% relative
humidity at the start of Exp1. This explanation is supported by the evi-
dence that the maximum swelling strains measured at RH = 95% in
Exp1_SampleP1_R1, if added to the ﬁnal excess shrinkage, take values
of ezeq=0.55%, eyeq=0.4%, exeq=0.44%, which are closely similar to the
maximum eieq values measured in Exp1_R2 and Exp2 performed on
Sample P1. The implication for Sample P1 is that trappedmoisture pres-
ent before Run1 may have been removed through new transport paths
created in the coal matrix during Run1, via the development of micro-
fractures caused by heterogeneous swelling, e.g. on the maceral scale
(see also Espinoza et al., 2015; Hol et al., 2012b, 2014).
4.1.3. Swelling hysteresis
Swelling/shrinkage hysteresis was observed in almost all of our ex-
periments (see Figs. 5 and 6). The origin of this hysteresis cannot be di-
rectly determined from the current experimental results. However, the
following possible causes of swelling hysteresis have been proposed in
the literature on coal. These are now discussed in comparison with
our experimental observations.
1) Sorption hysteresis. This refers to hysteresis observed in isothermal,
water adsorption-desorption experiments performed on coal, i.e. to
hysteresis in adsorbed water concentration versus RH data
(Charrière and Behra, 2010; McCutcheon et al., 2001, 2003). As
swelling of coal is caused by sorption of water vapour (Fry et al.,
2009; Pan, 2012), true sorption hysteresis must result in swelling
hysteresis. However, themechanisms responsible forwater sorption
hysteresis remain unresolved in previous studies. McCutcheon et al.
(2003) attributed sorption hysteresis, observed in low rank coal
(Carbon content b84.3%) at relative humidities N45%, to a capillary
condensation-evaporation effect. This effect leads to differences in
the relative pressure of ﬁlling versus emptying small pores, and
was also argued by Lin (2010) to be the cause of hysteresis in the
sorption behaviour of mesoporous solids in general (i.e. solids con-
taining poreswithin 2–50 nm). This explanation for sorption hyster-
esis is consistentwith the hysteresis effects seen in our experiments,
and with our ﬁnding that equilibration times for swelling upon ad-
sorption were different from those for shrinkage upon desorption.
Capillary condensation may therefore have played a role in our ex-
periments. However, the capillary condensation-evaporation effect
cannot explain sorption hysteresis observed in high rank coal or in
low rank coal at relative humidities b45% (Allardice and Evans,
1971; Evans, 1973; McCutcheon et al., 2003). Under these condi-
tions, sorption hysteresis is generally attributed to effects of swelling
hysteresis, i.e. to the effect of swelling on changes in pore structureof coal (e.g. Charrière and Behra, 2010; Mahajan and Walker, 1971;
McCutcheon et al., 2003). On the basis of our data, and in the context
of our experiments, we see noway to distinguish between cause and
effect.
2) Heterogeneous swelling of coal upon water sorption. Hol et al.
(2012b) reported hysteresis in the swelling behaviour of high vola-
tile bituminous coal samples (4 mm cylinder) exposed to CO2 at
pressures up to 100MPa and at 40 °C. However, the hysteresis disap-
peared after one or two CO2 pressure cycles. Based on SEM observa-
tions, Hol et al. argued that the hysteresis was caused by
development of micro-fractures in the ﬁrst CO2 pressure cycle, due
to heterogeneous swelling at the maceral scale. This explanation is
consistent with the observation by Hol et al. that the equilibration
was much faster in CO2 cycles beyond the ﬁrst. However, heteroge-
neous swelling and associated microcracking do not explain the
swelling hysteresis observed in the present experiments, because
a) no change in apparent equilibration time was observed between
our ﬁrst and second relative humidity runs, and b) the observed
swelling hysteresis did not disappear after the ﬁrst cycle of exposure
to water vapour.
3) Other possibilities. We note that the different extents of hysteresis
visible in Fig. 6 might also reﬂect a) sampling effects related to the
relatively few data obtained on shrinkage upon desorption of
water vapour, b) incomplete equilibration following individual RH
steps, or c) errors caused by correcting for RH effects on the dilatom-
eter sensor signals.
Clearly, to understand the cause of swelling hysteresis in the coal
matrix material investigated here, more swelling/shrinkage and corre-
sponding sorption/desorption data are needed.
4.2. Effects of sample size on equilibration rate and equilibrium swelling
strain
It is clear from the swelling strain versus time curves presented in
Fig. 4 that the rate at which (apparent) equilibrium was approached
was much faster in our experiments on 1 mm samples (Exp1–3, Sam-
ples P1, P2) than on the 4 mm sample (Exp4, Sample P3). To illustrate
this further, we use the standard graphical method applied in the liter-
ature to analyze sorption/swelling kinetics (c.f. Busch and Gensterblum,
2011; Li et al., 2010; Staib et al., 2013, 2014). For a given sample, this
method involves plotting the change in normalized volumetric swelling
strain (Δev(t)/Δeveq) versus time (t) elapsed after imposing a speciﬁc
step in gas/vapour pressure or activity (in our case RH). In this ratio,
Δev(t) is the evolving change in volumetric strain per step, and Δeveq is
the change in equilibrium strain value resulting from each step. Repre-
sentative plots of this ratio (Δev(t)/Δeveq) versus time are presented in
Fig. 9 for samples P1, P2, and P3, for the relative humidity step from
~75% to 95%. This ﬁgure conﬁrms that the swelling rates for 1 mm sam-
ples (P1 and P2) are similar, and that the swelling rate of sample P3
(4 mm) is much slower following a given change in relative humidity.
On this basis, we infer that the swelling kinetics of our samples during
exposure to water vapour are indeed strongly inﬂuenced by sample
size. It follows from this length scale dependence that the rate of time-
dependent swelling of coal matrix during exposure to water vapour
must be controlled by diffusion of water molecules through the
nanoporous coal matrix, and not by the kinetics of the sorption reaction
between water vapour molecules and their speciﬁc adsorption sites in
the coal.
At the same time, our results in Fig. 6e clearly demonstrate that the
volumetric swelling strain attained at equilibrium, at any given relative
humidity, is similar for samples P1 and P2 (1 mm) and for P3 (4 mm).
This implies that the equilibrium swelling strain of coal exposed to
water vapour is insensitive to sample size, at least for the cleat-free
coal matrix material. Moreover, our results show that the equilibrium
volumetric strains of 1.37–1.43% attained in our Brzeszcze high volatile
Fig. 9.Normalized volumetric swelling strain of samples P1, P2 and P3, (expressed as the ratioΔev(t)/Δeveq) versus elapsed time following a step increase in relative humidity from ~75 to
95%. The quantityΔev(t) represents the time-dependent change in volumetric swelling strain following the imposed step in RH (corrected for transient effects of RH on dilatometer sensor
signals). The quantity Δeveq represents the change in near equilibrium volumetric swelling strain produced by the RH step.
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relative humidity at 40 °C, are similar to those reported in the literature
for different coals and different sample sizes (Fry et al., 2009; Pan, 2012;
van Bergen et al., 2009). Speciﬁcally, Fry et al. (2009) measured (appar-
ent) equilibrium volumetric strains in the range of 1.32–1.74% for seven
different high volatile bituminous coals, using 30 × 9 × 9mm3 cylindri-
cal samples tested at room temperature at 97% relative humidity. We
infer that the effects of sample size and the presents of cleats on equilib-
rium swelling strain are probably small provided sufﬁcient time is
allowed for true equilibrium. On the other hand, our swelling kinetics
analysis (Fig. 9) demonstrates that it might be impossible to reach
true equilibration in experiments on coal samples beyond several cm
in size, at least on practical lab time scales. Failure to reach equilibrium
swelling in some experiments might even be due to sorption-induced
swelling at fracture walls, causing fracture closure and reducing sample
permeability even under unconﬁned conditions allowing free-expan-
sion. A similar notion was recently put forward by Peng et al. (2014),
who developed a conceptual model for permeability changes in coal
due to diffusion and adsorption of gases.
4.3. Relationship between equilibrium swelling strain and RH: comparison
with theory
4.3.1. Models for volumetric swelling strains versus activity of water vapour
The present results demonstrate a direct dependence of swelling
strain at (apparent/near) equilibrium upon RH (see Figs. 4–6). Now
we consider the relationship between adsorption-induced volumetric
swelling strain (eveq), adsorbedwater concentration (C), and relative hu-
midity (RH) orwater vapour activity (ag) from a theoretical perspective.
We ﬁrst consider the relationship between swelling strain evads and
adsorbed water concentration C. It has been shown experimentally
that, for coal ranking from lignite to bituminous, the swelling strain pro-
duced bywater vapour sorption is linearly proportional to the adsorbed
concentration C (mmol/gcoal) (Fry et al., 2009; Suuberg et al., 1993). On
this basis, and noting the similar relation obtained by Hol and Spiers
(2012) for swelling of unconﬁned coal matrix due to adsorption of
CO2, the equilibrium volumetric swelling strain caused by adsorption
of water vapour can be expressed as
eeqv ¼ CρV0 ð1Þ
Here ρ represents the density (m3/kg) of the coal matrix material,
and V0 (m3/mol) represents the bulk volume change of the coal matrix
due to adsorption of one mole of water molecules. V0 can thus be
viewed as the partial molar volume of adsorbed water molecules. The
magnitude of V0 for water molecules will in general depend on sorptionbond strength and the response of the coal matrix to accommodating
adsorbed molecules. V0 accordingly depends on coal rank. Generally
speaking, the higher the coal rank, the lower the measured magnitude
of V0. Fry et al. (2009) systematicallymeasured the expansion and sorp-
tion response of 14 different bituminous coals and 1 sub-bituminous
coal, to exposure to water vapour at relative humidities up to 97% at
room temperature (22 °C). The results showed a linear relationship re-
sembling Eq. (1) between the volumetric swelling strain and adsorbed
concentration of water, yielding V0 = 4.3 × 10−6 m3/mol. From dry-
ing/shrinkage experiments on coals ranging from lignite to bituminous,
Suuberg et al. (1993) obtained V0= 12.9 × 10−6 m3/mol. In the present
study on high volatile bituminous coal, we assume a value of V0 based
on the data of Fry et al. (2009), i.e. we assume V0 = 4.3 × 10−6 m3/mol.
Now we focus on the relation between adsorbed water concentra-
tion and water vapour activity. Direct measurement by FTIR (Mu and
Malhotra, 1991) and ionic thermal current methods (Suárez et al.,
1993) conﬁrmed that adsorption of water vapour is strongly related to
oxygen-bearing functional groups. Water molecules are therefore gen-
erally considered to be trapped primarily by oxygen-bearing functional
groups present in the coal matrix, via hydrogen bonds (Allardice and
Evans, 1971; Kaji et al., 1986; Mahajan and Walker, 1971;
McCutcheon et al., 2003). Water thus adsorbed forms the ﬁrst layer of
adsorbed molecules, having high biding energy (c.f. Dubinin, 1980;
Dubinin and Serpinsky, 1981). These adsorbed water molecules then
form the secondary sites for attachment of additional water molecules
with lower binding energy (c.f. Charrière and Behra, 2010; Lynch and
Webster, 1982; McCutcheon et al., 2003; Nishino, 2001; Švábová et al.,
2011). This multiple layer sorption mechanism is supported by experi-
mental data on the concentration of adsorbed water molecules versus
relative pressure obtained from isothermal sorption experiments per-
formed on different rank coals (c.f. Charrière and Behra, 2010;
McCutcheon et al., 2003; Švábová et al., 2011). The Brunauer-Emmett-
Teller (BET) model, developed for multilayer sorption on the basis of
Langmuir model (Brunauer et al., 1938), is the best-known and most
commonly used model to describe water sorption (Charrière and
Behra, 2010). It reduces to the Langmuir model if only single layer ad-
sorption occurs. However, the BET model only ﬁts water sorption data
obtained at low relative humidity (Charrière and Behra, 2010; Skaar,
2012). Dent (1977) accordingly modiﬁed the BET model, assuming
that the thermodynamic properties of water molecules adsorbed pri-
marily by coal are different from those adsorbed secondarily. Writing
the relative pressure of water vapour in terms of the activity of water
vapour, the Dent model can be expressed as
C1 ¼ CsK1ag1−K2ag þ K1ag ð2aÞ
Fig. 10. Volumetric swelling strain at equilibrium versus water vapour activity. The black
dots represent the experimental data obtained from the RH up-stepping portions of all
experimental reported in Fig. 6e, except for Exp1_SampleP1_R1 and the data point
attained at a RH value of 12% of Exp4_SampleP3_R1 (see text). The solid lines represent
the best ﬁts of the HS, the Dent-based and the DW-based models (Eqs. (5)–(7)
respectively).
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CsK1K2a2g
1−K2ag
 
1−K2ag þ K1ag
  ð2bÞ
where C1 (mol/kgcoal) and C2 (mol/kgcoal) represent the concentration
of water molecules associated with primary adsorption and secondary
adsorption, respectively. The quantity Cs (mol/kgcoal) represents the
total number of localized adsorption sites (in mol) present in one kilo-
gram of coal matrix for water molecules, while K1 and K2 represent
the equilibrium constants for primary adsorption and secondary ad-
sorption. Like the BET model, the Dent model assumes that the adsorp-
tion sites present in coal are available for both monolayer adsorption
and multiple-layer adsorption. If no secondary adsorption occurs, the
Dent model reduces to the single layer Langmuir model expressed in
terms of gas activity as
C1 ¼ CsK1ag1þ K1ag ð3Þ
which is identical also to the single layer, localized sorption site
model developed by Hol et al. (2012a) and by Liu et al. (submitted).
By contrast to the BET, Dent and Langmuir models, D'Arcy andWatt
(1970) assumed that different functional groups present in the coalma-
trix are characterized by different adsorption mechanisms. They as-
sumed that some adsorption sites allow monolayer adsorption with
strong binding energy, some adsorption sites allow monolayer adsorp-
tion with weak binding energy, and some allow multiple layer adsorp-
tion. Neglecting the monolayer adsorption with weak binding energy,
the D'Arcy and Watt (DW) model (Barton et al., 1994; Furmaniak et
al., 2008;McCutcheon et al., 2003; Švábová et al., 2011) was formulated
as a combination of the Langmuir isotherm for monolayer adsorption
with strong binding energy (Langmuir, 1918), and the Dubinin and
Serpinsky (DS1) isotherm (Dubinin and Serpinsky, 1981) for multiple-
layer adsorption. Upon replacing the relative pressure of water vapour
by the activity of water vapour, the result can be expressed as
C ¼ Cs1K1ag
1þ K1ag þ
Cs2K2ag
1−K2ag
ð4Þ
Here C (mol/kgcoal) represents the total concentration of water mol-
ecules adsorbed, while Cs1 and Cs2 (mol/kgcoal) represent the number of
localized adsorption sites (in mol) present in one kilogram of coal ma-
trix formonolayer adsorption and formultiple-layer adsorption, respec-
tively. The quantities K1 and K2 represent the equilibrium constants for
monolayer adsorption andmultiple-layer adsorption. In the DWmodel,
monolayer adsorption is again identiﬁed as primary adsorption, while
further multiple-layer adsorption is identiﬁed as secondary adsorption
(McCutcheon et al., 2003; Švábová et al., 2011). If only single layer ad-
sorption occurs, themodel again reduces to the Langmuir type equation
(c.f. Eq. (3)).
Having established relations between eveq and C, and between C and
ag, we now consider the relation between eveq and ag, by combining
Eqs. (1)–(4). We start from an end-member case that the swelling of
coal upon water adsorption is caused solely by adsorption of a ﬁrst
layer of water molecules, as expressed via the Dent model (Eq. (3)), or
solely by monolayer adsorption with strong biding energy as described
via the DW model (Eq. (4)). Using Eq. (1), this end-member case can
thus be formulated as
eeqv ¼
CsKag
1þ Kag ρV0 ð5Þ
which is identical to the model developed by Hol and Spiers (2012)
for swelling of unconﬁned coal matrix caused by adsorption of CO2. For
simplicity, we refer to this end-member case (i.e. Eq. (5)) as the HS
swellingmodel. For themore general case, where the swelling is caused
by both primary and secondary adsorption, we assume that V0 is thesame for all adsorbed water molecules, regardless of adsorption site
type. Using the Dent and DWmodels, we accordingly obtain the follow-
ing expressions for the total swelling of coal matrix material due to ad-
sorption of water vapour, namely
eeqv ¼ ρV0 C1 þ C2ð Þ
¼ ρV0Cs K1ag1−K2ag þ K1ag þ
K1K2a2g
1−K2ag
 
1−K2ag þ K1ag
 
 !
ð6Þ
for the Dent-based case, and
eeqv ¼ ρV0
Cs1K1ag
1þ K1ag þ
Cs2K2ag
1−K2ag
 
ð7Þ
for the DW-based case. Henceforth, we refer to Eqs. (6) and (7) as
the Dent-based swelling model and the DW-based swelling model.
4.3.2. Swelling models versus experimental data
To compare our experimental data with the above models, we ﬁrst
convert our equilibrium volumetric swelling strain (eveq) versus RH
data (Fig. 6e) into eveq versus water activity data. To do this, the activity
(ag) of water vapour at the experimentally imposed RH values was
calculated using the EoS for water developed by Wagner and Pruß
(2002). The results obtained for the upward RH steps of all experimen-
tal runs are plotted in Fig. 10 (omitting the data obtained for
Exp1_SampleP1_R1, and that obtained for Exp4_SampleP3_R1 at an
RH value of 12%, which have been shown above to be inﬂuenced by
excess shrinkage and non-equilibrium swelling effects). Best ﬁts of the
HS, the Dent-based and theDW-based swellingmodels to the data plot-
ted in Fig. 10 were obtained by means of non-linear regression, using
V0 = 4.3 × 10−6 m3/mol (see Fig. 10). It is clearly seen that all three
models ﬁt the experimental data equally well. The HS model showed a
near-linear ﬁt, while the Dent-based and the DW-basedmodels showed
almost identical sigmoidal ﬁts. The corresponding ﬁtting parameter
values are presented in Table 4, and all are reasonable when compared
with those obtained from ﬁts to previous sorption versus relative
pressure data (c.f. Charrière and Behra, 2010; McCutcheon et al.,
2003; Pan, 2012; Švábová et al., 2011). This means that the present
study cannot distinguish between the three swelling models. For
further progress, then, a better understanding of the mechanism
Table 4
Fitting parameter values of the models.
Model Cs
(mol/kgcoal)
K Cs1
(mol/kgcoal)
Cs2
(mol/kgcoal)
K1 K2
HS 18.288 0.161
Dent-based 1.671 2.346 0.480
DW-based 2.966 0.587 1.11 0.65
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vapour is needed.
4.4. Implications for ECBM
Our ﬁndings have a number of implications for (E)CBM production.
These are considered pointwise below.
1. Our results demonstrate that the swelling of coal upon adsorption of
water vapour increases with increasing relative humidity. This sug-
gests that the use of water-free ﬂuids for hydraulic fracturing of
coal seams will produce better stimulation results than using aque-
ous ﬂuids.
2. The present experiments have shown that the exposure of Brzeszcze
high volatile bituminous coal to water vapour at 95% relative humid-
ity at 40 °C, leads to adsorption-induced volumetric swelling strains
of 1.37–1.43% at equilibrium. However, the same coal exhibits an
equilibrium volumetric swelling strain of only 1.29–1.39% upon ad-
sorption of CH4 at a pressure of 10MPa at 40 °C (Liu et al., submitted).
Upon adsorption of CO2 at the same PT conditions, equilibrium volu-
metric swelling strains of 2.37–2.47% are obtained (Hol and Spiers,
2012). Note that under in-situ conditions and especially in low
rank coals, shrinkage effects upon drying might be even higher
than that we measured, as a) the presence of bulk water can cause
minor swelling in addition to sorption-induced swelling (Evans,
1973), and b) in our laboratory experiments, permanent shrinkage
effects might have occurred upon the ﬁrst drying event to affect
our samples, e.g. after recovery from the Brzeszczemine, during stor-
age before experimentation, or possibly during the ﬁrst drying step
of each experiments (Busch and Gensterblum, 2011; Yu et al.,
2013). This suggests that for high volatile bituminous coal, such as
the Brzeszcze coal, reducing the in-situ water activity or relative hu-
miditymight shrink the coal, thus releasingmethane, causing further
shrinkage and hence creating self-enhancing transport paths (c.f. Fry
et al., 2009; Levine, 1996; Liu et al., 2011; Moore, 2012). For other
coal ranks under different in-situ conditions, the total shrinkage
upon removingwater and CH4 will vary. However, an injection pres-
sure of CO2 can be designed at which the swelling strains caused by
sorption of CO2 can be counteracted.
3. On thebasis of points 1 and 2, and taking into account that coal swell-
ing strains caused by adsorption of N2 are generally about half of that
caused by CH4 sorption at the same PT conditions (c.f. Battistutta et
al., 2010; Day et al., 2010, 2012), it might be a good strategy to use
(liquid) N2 as a hydraulic-fracturing ﬂuid to stimulate CBM produc-
tion from coal seams. McDaniel et al. (1997) has shown that liquid
N2 injection is technically feasible. This could be followed by circulat-
ing dry gaseous N2 to promote matrix shrinkage by removing water
and methane, regardless of coal rank. After such a phase of N2-
ECBM production, i.e. after removing water and methane, CO2
could be injected into the coal seam for geological storage. This strat-
egy has two advantages. The ﬁrst is that shrinkage upon removing
water and CH4 from coal seamwill createmore transport paths for
CO2 injection and storage. The second is that the larger swelling
effect caused by adsorption of CO2, compared with the shrinkage
effect of removing water and CH4 may result in self-sealing of
coal seams.4. Our experimental results demonstrate that the swelling/shrinkage
response of coal matrix material to exposure to water vapour is
rate controlled by diffusion. This means that diffusion of water be-
tween coal matrix material and cleat/fracture systems must be con-
sidered in predicting in-situ coal seam permeability evolution
during (E)CBM production.
5. Conclusions
In this study, we have reported the results of detailed 3D eddy-cur-
rent dilatometry experiments performed on two 1 mm and one 4 mm
cubes of high volatile bituminous coal matrix material (Brzeszcze,
Poland), exposed to water vapour. The experiments were conducted
at relative humidities varied in the range 0.1 to 95%, under unconﬁned
conditions and at a constant temperature of 40 °C. We considered the
effects of sample size and relative humidity on swelling kinetics and
on equilibrium swelling strain. The main ﬁndings and conclusions are
summarized as follows:
1. The swelling response of our samples towater adsorptionwas aniso-
tropic with the swelling strain developed perpendicular to bedding
being on average about 1.13 times that occurring parallel to bedding
on average, though this ratio varied with relative humidity. The
swelling response was largely reversible and/or recoverable, with
some hysteresis effects. The observed dependence of the swelling
strain anisotropy ratio on RH suggests that the anisotropic swelling
effect is not solely determined by elastic anisotropy of the coal
studied.
2. Sample size was found to strongly inﬂuence the swelling kinetics of
coal matrix material at a given relative humidity, but does not inﬂu-
ence the magnitude of swelling strain attained at equilibrium. This
conﬁrms that time-dependent swelling/shrinkage of unconﬁned
coal matrix during exposure to water vapour is controlled by
diffusion of water molecules as opposed to sorption reaction
kinetics.
3. The volumetric swelling strains attained by our coal samples at equi-
librium showed a near-linear relation with relative humidity,
reaching a value of 1.37–1.43% at around 95% relative humidity.
This volumetric swelling strain, caused by exposure of Brzeszcze
high volatile bituminous coal to water vapour at 95% relative
humidity, is similar to that produced by exposure to and sorption
of CH4 at 10 MPa. By contrast, the observed volumetric swelling
strain is about 0.6 times that caused by sorption of CO2 at
10 MPa pressure.
4. Three models for swelling of unconﬁned coal matrix material due to
water sorption have been developed. The three models respectively
address the equilibrium swelling strain caused by mono-layer ad-
sorption, by multiple-layer sorption, and by combined mono- plus
multiple-layer adsorption. The equilibrium swelling strain versus
RH or water activity data obtained in the present experiments can
bewell ﬁtted by all three models, so that themechanism dominating
water vapour adsorption and associated swelling could not be
pinpointed.
5. Our ﬁndings suggest that it might be a good strategy to use (liquid)
N2 as a hydraulic-fracturing ﬂuid to stimulate the coal seams for
CBM production, then circulating dry N2 to promote the shrinkage
due to removal of water and methane. CO2 might later be injected
into the coal seam for geological storage, resulting in self-sealing of
fractures in the coal bed system due to the relatively large swelling
strain caused by CO2 sorption.
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A.1. The quality of RH control achieved using saturated salt solution buffers in the experiments reported in this paper is illustrated in Fig. A1 for a coal sample
run. Note the rapid equilibration of RH throughout the system.Fig. A1. Representative data showing relative humidity (%)measured by the digital relative humidity sensors as a function of time during our experiments. a) RH control achieved during a
typical experiment using the salt buffer solutions indicated. b) Blow up of transient in RH upon change in RH from 32 (MgCl2·6H2O) to 49% (Mg(NO3)2·6H2O).A.2. The quality of temperature control achieved in the experiments is illustrated in Fig. A2.Fig. A2. Representative data showing the sample temperature measured using a PT-100 element versus time during a typical experiment. a) Aside from the spikes that occurred upon
changing RH buffer, the sample temperature remained constant within ~0.1 °C. b) After an RH step (buffer change), stabilization of temperature took ~1 h.
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Since the 3D eddy current sensor is fully exposed to water vapour,
sorption of water vapour on the sensor and by the electrical insulation
covering the sensor cables (e.g. Pons et al., 2014) leads to time-depen-
dent effects on the 3 orthogonal sensor signals. To determine the mag-
nitude of these RH-related effects on sensor signals, control
experiments were performed on three different dummy samples,
namely one 4 mm stainless steel cube, one 1 mm stainless steel cube,
and one 1 mm quartz glass cube, following identical experimental pro-
cedures as applied when using coal samples. After each relative humid-
ity step, sensor signal changes slowly with time, typically reaching
equilibrium in 1–2 days. The results conﬁrm that the RH effects on sen-
sor signals are insensitive to sample material and sample size. A typical
curve for RH effects on sensor signals, expressed in terms of equivalent
apparent swelling displacement, versus time, obtained from the control
experiments, is plotted in Fig. 11. It is seen that the apparent swellingFig. 12. Apparent displacementmeasured by each sensor in the 3D dilatometer at or near equili
sequence. The solid symbols represent the apparent target displacement by each sensor purely
regression ﬁts. b) RH down-stepping sequence. The solid symbols again represent apparent
regression ﬁts to the very limited data.
Fig. 11. Representative data showing RH effects on sensor signals, expressed idisplacement versus time curve was similar in form to the uncorrected
swelling/shrinkage of coal samples versus time.
In addition, the results shown in Fig. 11 demonstrate that the RH ef-
fects on sensor signals cannot be neglected. This means that to deter-
mine the true response of coal sample during exposure to water
vapour, wemust correct for this effect. Equilibrium effects of RH chang-
es on sensor signals were corrected for using ﬁtted functions describing
near equilibrium sensor signals, expressed in terms of apparent dis-
placement (μm), versus RH. For RH upward stepping, we applied the
non-linear regression method to ﬁt the hyperbolic function y ¼ ax1−bx to
the apparent displacement versus RH data for each sensor at or near
equilibrium (see Fig. 12a). For RH downward steps, the apparent dis-
placement data were ﬁtted using linear regression (see Fig. 12b), be-
cause insufﬁcient data points were obtained from the two relative
humidity steps implemented to allow non-linear regression. The best
ﬁts (dashed lines) shown in Fig. 12 were used to describe the effect of
RH on sensor signal and apparent equivalent swelling at equilibrium.brium for all dummy samples, plotted as a function of relative humidity. a) RH up-stepping
due to the effect of RH change on the sensor system. The dashed lines represent non-linear
target displacement measured by each sensor, and the dashed lines represent the linear
n terms of equivalent apparent swelling displacement (μm) versus time.References
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